This study investigates the relationship between ambient fine particle pollution and impaired cardiac autonomic control in the elderly. Heart rate variability ( HRV ) among 56 elderly ( mean age 82 ) nonsmoking residents of a retirement center in Baltimore County, Maryland, was monitored for 4 weeks, from July 27 through August 22, 1998. The weather was seasonally mild ( 63 ± 848F mean daily temperature ) with low to moderate levels of fine particles ( PM 2.5 < 50 g / m 3 ) . Two groups of approximately 30 subjects were examined on alternate days. A spline mixed -effects model revealed a negative relationship between outdoor 24 -h average fine particulate matter ( PM 2.5 ) and high -frequency ( HF ) HRV that was consistent with our earlier Baltimore study for all but 2 days. These 2 days were the only days with significant precipitation in combination with elevated PM 2.5 . They were also unusual in that back -trajectory of their air masses was distinctly different from those on the other study days, emanating from the direction of rural Pennsylvania. Mixed -effects analysis for all 24 study days showed a small negative association of outdoor PM 2.5 with HF HRV ( À 0.03 change in log [ HF HRV ] for a 10 g / m 3 increment in PM 2.5 ) after adjustment for age, sex, cardiovascular status, trend, maximum temperature, average dew point temperature, random subject intercepts, and autocorrelated residuals. After excluding study days 4 and 5, this association was strengthened ( À 0.07 change in log [ HF HRV ] for 10 g / m 3 PM 2.5 , 95% CI À 0.13 to À 0.02 ) and was similar to that obtained in an earlier study ( À 0.12 change in log [ HF HRV ] for a 10 g / m 3 increment in outdoor PM 2.5 , 95% CI À 0.24 to À 0.00 ) [ Liao D., Cai J., Rosamond W.D., Barnes R.W., Hutchinson R.G., Whitsel E.A., Rautaharju P., and Heiss G. Cardiac autonomic function and incident coronary heart disease: a population -based case -cohort study. The ARIC Study. Atherosclerosis Risk in Communities Study. Am J Epidemiol 1997: 145 ( 8 ) : 696 ± 706 ] . Acute ( 1 to 4 h ) previous PM 2.5 exposure did not have a stronger impact than the 24 -h measure. A distributed lag model incorporating the six preceding 4 -h means also did not indicate any effect greater than that observed in the 24 -h measure. This study is consistent with earlier findings that exposures to PM 2.5 are associated with decreased HRV in the elderly.
Introduction
Epidemiological studies indicate that exposure to fine particles is associated with tens of thousands of hospital admissions and premature deaths annually ( Dockery and Pope, 1994; Lebowitz, 1996; Lippmann and Thurston, 1996 ) . These studies have demonstrated consistent associations, with coherence across various health endpoints (Bates, 1992 ) . However, a biological mechanism for the apparent link between the pathophysiological response to fine particles and cardiopulmonary morbidity in populations has not been firmly established ( National Research Council, 1998 ) .
Results from an earlier study conducted by our group in Baltimore, Maryland, indicated that increased levels of fine particles were associated with decreased heart rate variability (HRV ) among elderly nonsmokers, especially among those with some indication of preexisting cardiovascular disease ( Liao et al., 1999 , Williams et al., 2000a . Other researchers have recently reported similar associations between airborne particulate matter and increased pulse rate ( Peters et al., 1999; Pope et al., 1999a ) , decreased HRV (Pope et al., 1999b ) , and occurrence of cardiac arrhythmia ( Peters et al., 2000 ) .
The current study was conducted to reexamine our earlier findings of an inverse relationship between ambient fine particles and cardiac autonomic control. The study was conducted in the same geographical area of Baltimore, Maryland as in the earlier study, with a larger number of elderly residents of a high -rise independent living retirement community. In this study, a greatly expanded suite of environmental and personal monitoring was conducted through a collaborative research effort between the EPA's National Health and Environmental Effects Research Laboratory and National Exposure Research Laboratory.
Methods
A panel of 56 elderly residents of a retirement center in Baltimore County, Maryland, was enrolled and monitored for 4 weeks, from July 27 through August 22, 1998. We excluded residents with uncontrolled hypertension (systolic blood pressure > 190 or diastolic blood pressure >100 mm Hg ) , coronary bypass surgery and/ or heart attack in the last 12 months, physician -diagnosed episodes of syncope in the last 12 months, dementia, dialysis treatment, need for supplemental oxygen, having a pacemaker, or being a current cigarette smoker. All subjects were ambulatory, including subjects who used walkers. The selected participants were individually informed about study content, risks and discomforts, procedure for maintaining confidentiality of data, right of withdrawal, daily scheduling requirements, study incentives, and benefits. Signed consent forms were obtained. Approximately half of the study subjects had some evidence of compromised cardiovascular health. Subjects were assigned in accordance with their existing schedules to two groups of approximately 30 subjects for examination on alternate days, 3 days a week, over a 4 -week period.
At enrollment, we collected information on age, ethnicity, sex, and health status using a standardized questionnaire. A medical record review was conducted to record medical diagnoses and prescribed medications. Subjects were classified as having compromised cardiovascular health status if the questionnaire in combination with the medical record review indicated active treatment for hypertension, coronary heart disease, episodes of arrhythmia, or thyroid abnormalities requiring thyroid medication.
A health-monitoring clinic was established in a vacant apartment within the living area of the retirement center. Over the 4 weeks of the study, subjects were scheduled to arrive for a battery of health measurements on alternating days for 3 days each week ( Monday through Saturday ) at the same time each day. The daily battery of health measurements included a symptom and activity questionnaire, pulse rate and oxygen saturation obtained by pulse oximeter, peak expiratory flow rate, sitting, supine, and standing blood pressures, and HRV. Urine samples were collected weekly for cotinine analysis. Blood samples were also collected weekly from subjects volunteering to participate and frozen for later analysis. This paper presents the HRV component of the physical exams.
The pulse oximetry and sitting blood pressure procedures are given in our previous publication ( Liao et al., 1999 ) . The HRV measurements were conducted following the same protocol as in that study, with additional extensive training and refinement of the proper techniques for proper placement of electrode leads on the subjects. Peak expiratory flow ( PEF ) was obtained using MiniWright peak flow meters, purple scales ( Clement Clarke, Columbus, OH ) . The maximal effort of three peak flow maneuvers was designated as the PEF at each session. Supine blood pressure was measured after completion of the HRV procedure, and standing blood pressure was measured within 1 min of having the subject rise to a standing position at his / her normal pace. Local community nursing staff were recruited by contracted field support supervisors ( Westat, Rockville, MD ) and trained in carrying out the battery of health measures. One week before the start of the study, after practicing all procedures including HRV on one another, a complete 2-day dry -run simulation of the protocol was carried out using a full complement of volunteer subjects. The training and dry run were observed by our experienced cardiologist and trained staff, and followed up with individual critiques and reinforcement of proper techniques for all aspects of the battery with the nurses and their supervisors. Quality assurance techniques for the health component of the study included initialing of every datum collected by the technician, immediate review upon completion of all forms for correctness and adherence to required procedures by EPA staff, final approval of the completed form by the resident field coordinator, and independent double entry of all collected data followed by file comparisons and reconciliation of discrepancies at the EPA home facilities. For the HRV, two electrocardiogram (ECG ) electrodes were positioned in the regular ECG V1 and V6 locations on the epigastrium and one electrode was on the lower right extremity. After the subjects had rested comfortably in the supine position for 10 min in a quiet room with subdued lighting, 6 min of resting supine beatto -beat heart rate data was collected. An ART1200 EPX computer hardware and software system (PREDICT II HRVECG, Arrhythmia Research Technology, Austin, TX ) was used to collect, store, and download the data and to implement a fast Fourier transform processing of the collected data stream. Both time and frequency domain indices of HRV were collected. The frequency domain indices are the recommended variables in the statistical analyses of data using this HRV protocol (Task Force, 1996 ) and those results are presented in this paper. Further details regarding the processing of the HRV data are presented in Liao et al. (1999) .
Ambient and indoor particulate matter less than 2.5 m (PM 2.5 ) and less than 10 m (PM 10 ) aerodynamic diameter were measured at the retirement center location. Ambient and indoor ozone, nitrogen dioxide, carbon monoxide and sulfur dioxide were measured throughout the study. Personal exposure and apartment monitoring of particulate matter were also conducted in a selected group of subjects. Meteorological data were obtained from the National Weather Service station at the Baltimore± Washington International Airport. Back trajectories of air parcels reaching Baltimore at 8 AM each study day were generated using the hybrid single-particle Lagrangian integrated trajectory ( HYSPLIT45) model ( Draxler and Hess, 1998 ). Two heights above ground level (10 and 100 m ) were used and a 24 -h back -trajectory was generated for each study day using the NOAA Air Resources Laboratory modeling software available at Web address http:/ / www.arl.noaa.gov/ready /hysplit4. Instruments used to measure PM 2.5 inside and outside the study site included personal environmental monitors ( PEM 1 s ), cyclonebased endotoxin collectors, versatile air pollution samplers (VAP 1 s) , and tapered element oscillating microbalances ( TEOM 1 s) . TEOM data were corrected for semivolatile loss using a federal reference method (FRM 1 ) monitor also present at the site. Each sampling location had at least three and usually four of the above devices that enabled PM 2.5 and PM 10 average mass to be directly measured.
Instruments were operated continuously (real -time methods ) or on a 24 -h time-averaged basis (filter collection methods). Full details of the extensive personal, indoor, and ambient environmental sampling and instrument comparisons, carried out through a collaborative arrangement with the National Exposure Research Laboratory of EPA, are presented in separate publications ( Williams et al., 2000b,c,d ). Colocated 24 -h time -averaged instrument data was averaged across instruments to produce daily PM 2.5 mean concentrations. For lagged analyses of less than 24 -h duration, the adjusted TEOM data was used.
Mixed-effects regression models ( Littell et al., 1996 ) were used in analyses, with random subject intercepts and fixed effects for time -invariant subject characteristics (age, sex, and compromised cardiovascular health status ), timevarying factors ( ambient 24-h average temperature and barometric pressure at the weather station ) , and for a single measure of air pollution exposure ( usually the 24 -h period ending at 8 AM the day of the subject's exam ) . Inclusion of a random subject intercept in the model statistically adjusts for between -subject variability. We also included an adjustment for first-order autocorrelation of model residuals.
Results
During the study period, 24-h average temperature ranged from 64 to 838F (18 to 288C ), maximum temperature never exceeded 948F (348C ), and barometric pressure at the weather station ranged from 29.7 to 30.1 in. Hg (1006 to 1019 mbar ). Measurable rainfall occurred on study days 4, 5, 13 and 20. PM 2.5 ranged from 7.6 to 46.7 g/m 3 outside the retirement center and from 3.9 to 20.0 g/m 3 inside the Figure 1 . PM 2.5 concentrations by day. retirement center (Table 1) . PM 2.5 and PM 10 measurements indicated that an average of 74% of outdoor PM 10 was PM 2.5 , whereas 86% of indoor PM 10 was PM 2.5 . Indoor to outdoor PM 2.5 ratios ranged from 37% to 54% with a mean of 44%. Indoor and outdoor PM 2.5 measurements had a Pearson correlation coefficient of 0.98. PM 2.5 measurements at the two outdoor locations 8 miles apart also were highly correlated ( Pearson correlation coefficient = 0.96 ). The peak episode of fine particles (46.7 g/m 3 PM 2.5 ) occurred on the fourth day of the study ( Figure 1) , which happened to correspond with a significant rain event during the day. An examination of back trajectories indicated that the air mass on rainy days 4 and 5 came from rural Pennsylvania. For all but two other days air mass parcels were from the mid -West or from the Northeast. Further information on outdoor, indoor, and personal exposures of participants, including particle characteristics and particle count distributions, are reported elsewhere (Williams et al., 2000c,d ).
The 11 men and 45 women in this study were nonsmokers between the ages of 72 and 97 years with 21 subjects over the age of 85 years. All of the subjects were of white European ancestry. Although subjects generally were in good health for their ages, some reported a physician's diagnosis of thyroid disease ( 13% ) , coronary disease (16% ) or hypertension (43% ). When these health factors were combined, 36 of the subjects (64% ) were classified as having some degree of cardiovascular compromise. Eight of the subjects ( 14% ) had a physician's diagnosis of chronic obstructive pulmonary disease. Eighteen subjects (32% ) had none of the above diagnoses.
Measures of physiologic function over the 24 -day study period varied considerably across the 56 study subjects (Table 2 ) . Peak expiratory flow measurements were adjusted to a common mean of 300 l/min (results not reported here ). For other measurements, inclusion of a random subject effect in a mixed model analysis was used to adjust for between -subject variability. All subjects were ambulatory and most were active and spent some time outside the retirement center. On days of their examinations, subjects reported spending an average of 1 h outside the retirement community. Subject -specific distribution of time spent outside the retirement center was bimodal with 28 subjects averaging more than 1 h outside whereas 14 subjects averaged less one half hour outside the center.
A mixed model analysis for all 24 study days showed a small negative association of outdoor PM 2.5 with HF HRV ( À 0.03 change in log [HF HRV ] for a 10 g/m 3 increment in outdoor PM 2.5 ) after adjusting for age, sex, cardiovascular status, trend, maximum daily temperature, average daily dew point temperature, random subject intercepts, and autocorrelated residuals (Table 3 ) . This result was not changed by adjusting for other meteorological variables or other subject characteristics or by restricting the analysis to subjects with evidence of cardiovascular compromise. The association was similar for low -frequency (LF ) HRV. Results for indoor PM 2.5 showed higher coefficients but the same level of significance, reflecting the high correlation of indoor to Outside the retirement center 1.0 0.0 3.6 outdoor measurements and the low indoor to outdoor ratio for fine particulate matter. Sulfate or sulfur measures can be used to determine to what degree the indoor PM 2.5 is of ambient origin, because there are few if any sources of sulfate particles indoors ( Lippmann and Thurston, 1996 ) . In this study, the sulfur content of outdoor PM 2.5 averaged over all days was 14%, and the sulfur content of indoor PM 2.5 was also 14%. The indoor data is acting as a surrogate for the outdoor measurements. A restricted cubic spline model with a knot at 12 g/m 3 revealed a nonlinear relationship between 24 -h average indoor PM 2.5 and HF HRV (Figure 2 ). When the peak episode day (day 4) and the day after (day 5 ) were excluded, the nonlinear relationship was replaced by a strong inverse relationship. For study days 4 and 5 the sulfur content of indoor PM 2.5 was only 9%, whereas the outdoor level remained at 14%. This difference, and the significant rainfall with air parcels arriving from an unusual direction, suggested repeating the same analysis excluding these two days. An analysis excluding these days produced a statistically significant negative linear relationship between PM 2.5 and HF HRV ( À 0.07 change in log [ HF HRV ] for a 10 g/m 3 increment in outdoor PM 2.5 ) after adjusting for age, sex, cardiovascular status, trend, maximum daily temperature, average daily dew point temperature, random subject intercepts, and autocorrelated residuals ( Table 3) .
Analysis using 4 -h means, generated from a continuous PM 2.5 TEOM monitor, did not prove to be more definitive, and application of a distributed lag analysis, using lagged 4-h means distributed over the previous 24 h, did not reveal any immediate acute effects greater than the 24 -h analysis.
Discussion
Decreased HRV is an indicator of the diminished ability of the heart to respond to stress and has been identified by other studies as a risk factor for mortality from cardiovascular disease. In the Framingham Heart Study of 736 elderly subjects followed for 4 years, Tsuji et al. ( 1994 ) found a one standard deviation decrement in low-frequency power was associated with increased mortality (rate ratio = 1.7, 95% CI 1.4 to 2.1) . In a recent study of 5272 Dutch men and women aged 55 years and older who were followed for an average of 4 years, de Bruyne et al. (1999 ) found that subjects in the lowest quartile of HRV ( standard deviation of normal RR intervals of 9.6 ms or less ) had a greater mortality rate (rate ratio =1.8, 95% CI 1.0 to 3.2 ) than subjects in the third quartile (standard deviation of normal RR intervals between 15.2 and 25.9 ms ). In another Dutch study of 878 men aged 40 to 60 years at enrollment followed for 30 years, Dekker et al. ( 1997 ) found increased mortality (rate ratio= 2.1, 95% CI 1.4 to 3.0) among 96 subjects with low HRV (standard deviation of normal RR intervals of 20 ms or less ) . In a study of 2252 subjects without coronary heart disease at baseline who were followed for 3 years, Liao et al. (1997 ) found that highfrequency HRV in the lowest quartile was associated with an increased incidence of new -onset coronary heart disease (rate ratio =1.7, 95% CI 1.2 to 2.5 ). Previous studies have reported an inverse relationship between fine particulate matter and HRV Liao et al. ( 1999 ) found an odds ratio of low HF HRV for high pollution days (PM 2.5 >15 g/m 3 ) to be 3.08 ( CI 1.43 to 6.59) . A 10 g/m 3 increase in PM 2.5 resulted in a change in log [HF HRV ] of À 0.12 ( À 0.42, À 0.01 ). Pope et al. ( 1999b ) , in his study of six elderly Utah Valley residents using ambulatory ECG monitoring, also reported associations between PM 10 and heart rate and time -domain measures of HRV.
The findings of this study are consistent with the earlier findings that elevated PM 2.5 is associated with a diminished HRV response in the elderly. The HF component of HRV is under the influence of the parasympathetic system and is regarded as a marker of cardiac vagal function. In this study, larger depressive HRV effect was seen in the HF power component, suggesting that the decrease in HRV with higher concentrations of PM 2.5 may be a consequence of a greater loss of parasympathetic control of heart rate. The LF component of HRV is influenced by both the parasympathetic and sympathetic systems and showed a result similar to the HF component throughout the study. These results suggest that exposures to fine particulate matter may alter the balance of cardiac autonomic control and thus increase the susceptibility of elderly individuals to adverse cardiac events.
The earlier study (Liao et al., 1999 ) indicated larger effects in cardiovascularly ( CV ) compromised subjects, but it was noted there that the small sample size for healthy subjects made it difficult to clearly conclude that only compromised individuals were effected. This study, with a larger sample size for both healthy and CV compromised subjects, did not indicate an interaction between health status and the PM 2.5 effect observed. Healthy and CV compromised subjects seemed to be effected to the same degree by exposure to fine particulate in all analyses in this study.
The post hoc exclusion of 2 days of HRV data from the analysis is not a trivial matter. Fine particulate matter of the peak episode day ( day 4 ) and the day after the peak (day 5 ) clearly did not exhibit the same association with HRV as the other study days. Back-trajectory of air masses on these two days provides some indication that these air masses originated from a different region than most. Other days were from northeastern urban areas or from long -range transport of particles from the mid -West. In addition, these days were the only ones with both high PM 2.5 and rainfall, and the sulfur content of indoor particles was about 2/ 3 of the outdoor particle content, whereas this ratio was 1:1 in the rest of the study. These differences may indicate that fine particles on these 2 days had different sources and composition than on the other 22 study days. These kinds of hypotheses of course require more detailed examination. These results will be integrated in further investigations of differences in exposure characteristics separate from mass loadings that may impact HRV in elderly subjects.
